Perfluorooctane sulfonate (PFOS) is widely distributed and persistent in the environment and in wildlife, and it has the potential for developmental toxicity. However, the molecular mechanisms that lead to these toxic effects are not well known. In the present study, proteomic analysis has been performed to investigate the proteins that are differentially expressed in zebrafish embryos exposed to 0.5 mg/l PFOS until 192 h postfertilization. Two-dimensional electrophoresis coupled with mass spectrometry was employed to detect and identify the protein profiles. The analysis revealed that 69 proteins showed altered expression in the treatment group compared to the control group with either increase or decrease in expression levels (more than twofold difference). Of the 69 spots corresponding to the proteins with altered expression, 38 were selected and subjected to matrix-assisted laser desorption/ionization tandem time-of-flight mass spectrometry (TOF/TOF) analysis; 18 proteins were identified in this analysis. These proteins can be categorized into diverse functional classes such as detoxification, energy metabolism, lipid transport/steroid metabolic process, cell structure, signal transduction, and apoptosis. Overall, proteomic analysis using zebrafish embryos serves as an in vivo model in environmental risk assessment and provides insight into the molecular events in PFOS-induced developmental toxicity.
The widespread use of perfluorinated chemicals (PFCs) in a variety of commercial and industrial applications, such as protective coatings for packaged foods, textiles, and carpets and as constituents of insecticides, has resulted in global contamination. Among the different types of PFCs, the levels of perfluorooctane sulfonate (PFOS) are routinely measured. It has been found that PFOS is a predominant contaminant in the environmental matrices and wildlife and has been shown to biomagnify in the aquatic food web (Kannan et al., 2005; Martin et al., 2004) . For example, high concentrations of PFOS have been detected in fish liver tissue (Giesy and Kannan, 2001; Hoff et al., 2003; Kannan et al., 2002) . In addition, PFOS has also been detected in the eggs of the lake whitefish (Coregonus clupeaformis) from Michigan waters (Kannan et al., 2005) , suggesting oviparous transfer of this compound to offspring. Increasing evidences show that exposure to PFOS can induce various toxic effects, such as hepatotoxicity in animals (Hoff et al., 2003; Lau et al., 2003) , developmental and reproductive toxicity (Ankley et al., 2005; Du et al., 2009; Lau et al., 2003; Oakes et al., 2005; Shi et al., 2008; Thibodeaux et al., 2003) , interferences in cell-cell communication (Hu et al., 2002) , and mitochondrial bioenergetics (Berthiaume and Wallace, 2002; .
Proteins are the actual functional molecules in the cell. Therefore, proteomics analysis may provide more direct insights into the mechanisms of effects. Such analysis has recently been employed to gain a better understanding of toxicity and the mechanisms of exposure to several toxicants, such as 2,2#,4,4#,5-pentabromodiphenyl ether in mice (Alm et al., 2006) , perfluorooctanoic acid in rare minnow (Gobiocypris rarus) , polychlorinated biphenyls (PCBs) mixture Aroclor 1254 in African clawed frogs (Xenopus laevis) (Gillardin et al., 2009) , microcystin in medaka (Oryzias latipes) (Mezhoud et al., 2008) , and in zebrafish liver treated with tetrabromobisphenol-A (De Wit et al., 2008) . The importance of engaging in zebrafish proteomics to reveal the potential mechanisms of the model of action has been highlighted in recent studies (Love et al., 2004; Tay et al., 2006) . Zebrafish embryos have been employed for the rapid and high-throughput screening of environmental chemicals for developmental toxicity and the mechanisms of toxicant exposure. A proteomic approach to zebrafish embryos covers many different aspects of the changes in proteins during the early embryonic stages; thus, it may provide the means to finally unravel the mechanisms that link patterning to the generation of embryonic forms (Reintsch and Mandato, 2008) . Furthermore, the application of embryo proteomics may lead to earlier and more sensitive toxicity analysis and also advance the zebrafish embryo bioassay in ecotoxicological testing. A detailed proteomic protocol has been developed, from preparation to protein identification in zebrafish embryos and the global protein expression profiles of zebrafish embryogenesis (Link et al., 2006; Lucitt et al., 2008; Tay et al., 2006) . For instance, previous reports on zebrafish proteomics have concerned embryos administered with endocrine disrupted chemicals (Shrader et al., 2003) and ethanol (Gündel et al., 2007) , thus suggesting certain expressed proteins as the sensitive stress indicators in zebrafish embryos and reflecting the overall fitness of the intact organisms.
Although the effect of PFOS on gene expression of developing zebrafish has been reported (Shi et al., 2008) , there are no studies focusing on the potential effects of PFOS on the protein expression profile of developing zebrafish. In order to understand the mechanisms underlying PFOS toxicity during zebrafish development, we used two-dimensional gel electrophoresis (2-DE) and peptide mass fingerprinting (PMF) to investigate the protein expression profiles of zebrafish embryos that had been exposed to PFOS. Proteomic analysis indicated that PFOS regulates a set of proteins that are involved in signal transduction, hormone activity regulation, structure formation, membrane transportation, and energy metabolism.
MATERIALS AND METHODS
Chemicals Heptadecafluorooctanesulfonic acid potassium salt (PFOS, > 99%) was purchased from Tokyo Kasei Kogyo Co. Ltd (Tokyo, Japan). The stock solution (50,000 mg/l) was prepared by dissolving the crystals in highperformance liquid chromatography grade dimethyl sulfoxide (DMSO) and storing it at 4°C. All the chemicals used for electrophoresis were purchased from Amersham Biosciences (Piscataway, NJ).
Animals and Exposure Mature wild-type (AB strain) zebrafish (about 8 months old) were maintained at 28 ± 0.5°C in a 01400 h:1000 h light:dark cycle in a continuous flow-through system in charcoal-filtered tap water. The fish were fed twice daily with Artemia nauplii. Zebrafish eggs were obtained from the spawning adults in groups of about 20 males and 10 females held in tanks overnight. At 4-5 h postfertilization (hpf), we randomly distributed approximately 300 normally developed embryos into each beaker and exposed them to 0 and 0.5 mg/l PFOS; the embryos were then grown up to 192 hpf. The exposure solution contained 0.2mM Ca(NO 3 ) 2 , 0.13mM MgSO 4 , 19.3mM NaCl, 0.23mM KCl, and 1.67mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid buffer. The concentrations of PFOS were selected on the basis of our previous study (Shi et al., 2008) . Exposure of the embryos to 0.5 mg/l PFOS did not cause a significant increase in mortality over the entire exposure time. This indicated that the protein expression changing in our experiment may mostly are response to the toxic properties of chemical but not to acute biological damage of this compound. Our exposure time was selected because at 192 hpf, all the organs of the embryos, except gonads, are well developed. The control and treated embryos received 0.001% DMSO, and three replicates for each treatment concentration were conducted. The zebrafish embryos/larvae were examined at the end of exposure time. After 192 hpf, the toxicity end points, including morphological abnormalities, survival rates, and body length, were recorded, and zebrafish larvae were snap frozen in liquid nitrogen and stored in À80°C.
Protein Extraction Protein extraction was performed using the method reported by Tay et al. (2006) , with slight modification. Briefly, at 192 hpf, using a power homogenizer, approximately 200 zebrafish larvae were homogenized in 500 ll lysis buffer containing 7M urea, 2M thiourea, 4% 3-[(3-chola-midopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 1% wt/vol dithiothreitol (DTT), 40mM Tris base, 1% protease inhibitor cocktail, 0.5 ll benzonase (25 U/ll, >99% purity; Novagen, Madison, WI), and 20 ll/ml Bio-Lytes 3/10. The samples were then disrupted by intermittent sonic oscillation for 5 min and incubated on a shaker for 30 min at 4°C. Insoluble particles were removed by centrifugation at 12,000 3 g for 60 min at 4°C, after which the supernatants were collected. Four volumes of 100% ice-cold acetone were added into 1 vol of supernatant. The samples were precipitated at À20°C for 1 h and then centrifuged at 12,000 3 g for 15 min at 4°C. The supernatants were then discarded, and the protein pellets were dissolved in a protein solution buffer (7M urea, 2M thiourea, 4% CHAPS, 1% wt/vol DTT, and 0.5% Immobilized pH Gradient (IPG) buffer). The protein concentration was determined using a 2-D Quant Kit (GE Healthcare, Piscataway, NJ).
Two-Dimensional Electrophoresis
In brief, the protein solution (350 lg protein on analytical gels or 1 mg on preparative gels) was adjusted with a rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 1% wt/vol DTT, 0.5% IPG buffer, and a trace of bromophenol blue) for a final volume of 350 ll. Isoelectric focusing (IEF) was performed in IPG strips (pH 3-10, 18 cm, GE Healthcare) at 30 V for 12 h, 200 V for 1 h, 500 V for 1 h, 1000 V for 1 h, 8000 V for 1 h, and then 8000 V constant for a total of 56,000 Vh on a Multiphor II system (GE Healthcare). After the IEF program, the strips were equilibrated in an IPG equilibration buffer (6M urea, 2% SDS, 30% glycerol, 0.375M Tris, pH 8.8, 20 mg/ml DTT, and a trace of bromophenol blue) and then alkylated (25 mg/ml iodoacetamide instead of DTT in an equilibration buffer) for 15 min each. The 2-DE was performed in polyacrylamide gels (12.5% T [the total acrylamide and Bis monomer concentration in g/100 ml] and 2.6% C [the percentage of crosslinker in the total amount of acrylamide]) with an Ettan DALT II system (GE Healthcare). Electrophoresis was carried out at 20 milliamperes per gel for 40 min, followed by separation at 30 milliamperes per gel until the dye front had nearly reached the bottom. The protein spots were visualized via silver staining in analytical gels and via coomassie brilliant blue G-250 staining in preparative gels. Two-dimensional gels were performed in triplicate and from three independent protein extractions for each group.
Image Acquisition and Analysis The gel images were captured on an ImageScanner (GE Healthcare). Image Master 2D Platinum (GE Healthcare) software was used to match and analyze the images. The protein spots were detected automatically and then edited manually to remove streaks, speckles, and artifacts. The quantification of the proteins was expressed as the volume of spots, which was determined in comparison with the total volume of all the spots within the gel. Only twofold increase or decrease changes between the PFOS-treated and control groups were considered as regulated spots.
Protein Identification The proteins of interest were selected and destained two times using 200mM ammonium bicarbonate in 50% acetonitrile/water for 45 min at 37°C. The gels were then dehydrated using acetonitrile and spun dry. The dried gel bands were rehydrated in a minimal volume of 25mM ammonium bicarbonate buffer that contained 10 ng/ll modified trypsin (Promega, Madison, WI) and incubated overnight at 37°C. Matrix-assisted laser desorption/ionization-time of flight (MALDI)-TOF experiments were performed on an Ultraflex TOF-TOF instrument (Bruker Daltonic, Bremen, Germany). The instrument was set in reflector mode. Protein identification was carried out using a combination of PMFs and peptide fragmentation patterns as inputs to search the National Center for Biotechnology Information (NCBI) nonredundant (nr) database using the Mascot search engine (www.matrixscience.com). The classification and functions of the proteins identified were obtained by searching Gene Ontology (www.geneontology.org).
Statistical Analysis The normality of the data was verified using the Kolmogorov-Smirnov test, and the homogeneity of variances was checked with Levene's test. A two-tailed Student's t-test was used to determine the significant differences between the control and exposure groups. Statistical analysis was performed using SPSS 13.0 software (SPSS, Chicago, IL), and p < 0.05 was considered to be a statistically significant difference.
RESULTS

Mortality and Growth
There was no significant difference in the survival rate between the control (81.11 ± 4.01%) and the treatment (83.33 ± 1.93%) groups. Some developmental abnormalities, such as yolk sac edema and spinal curvature, were recorded in the treatment group (5.56 ± 1.12%), but there PFOS AND PROTEOMICS IN ZEBRAFISH was no significant difference in the percentage of abnormalities observed in the treatment group and that in the control group (1.11 ± 1.92%). There was a significant reduction in body length of the PFOS-exposed group (3.92 ± 0.02 mm) compared to the control group (3.79 ± 0.03 mm; p < 0.001).
Two-DE and mass spectrometry Identify Proteins
The separated proteins were stained with silver ( Fig. 1) , and, after automatic marking with the software and manual editing, more than 1200 protein spots were detected on each gel. These spots were quantitatively measured, and comparisons were made with Image Master 2D Platinum software. In this study, a twofold change cutoff was used as the criterion for differential expression. Compared with the gels from the controls, 69 protein spots were found to have been altered by the effects of PFOS.
Identical gels were run and used for in-gel tryptic digestion, followed by mass spectrometry. A total of 38 protein spots were selected for protein identification based on spot intensity and spot integrity (Fig. 1) . After careful manual extraction, the protein spots were subjected to MALDI-TOF-mass specrometry (MS)/MS analysis. After a PMF search in the NCBI nr database, 18 spots were successfully identified. PFOS exposure resulted in 8 proteins being upregulated and 10 being downregulated. The protein codes, accession numbers, descriptions, and fold changes are listed in Table 1 . Spots 1, 11, 25, 30, and 32 resulted in the identification of the proteins involved in the nucleotide and ATP metabolic process, including nucleoside diphosphate kinase (NDPK)-Z2, cytidylate kinase, adenylate kinase (AK) 2, Ckmb protein (one of the creatine kinases [CKs]), and citrate synthase (CS). Spot 2 was identified as oxysterol-binding protein-like 1A (OSBP1A), which is related to lipid transport and the steroid metabolic process. The program identified Spot 3 as crystallin, gamma MX that plays a role in the neurological system process. PMF analysis of Spot 4 identified it as F-box protein 44, which is implicated in the regulation of cellular metabolism progress. Spot 12 was identified as peroxiredoxin 2, which is known as an antioxidation protein. Mass spectrometry identification found Spot 15 to be vertebrate microtubule-actin cross-linking factor 1 (MACF1). This protein is thought to take part in multiple biological processes, such as signal transduction, cell motion, anatomical structure formation, cell cycle arrest, and intracellular protein transport. Spot 20 was identified as phosphoglycerate mutase 1, a transferase enzyme. Spot 22 was identified as sulfotransferase (SULT), which plays a critical role in the steroid metabolic process. Spots 23 and 28 were identified as embryonic lethality and abnormal visual (ELAV)-like 4 and annexin A4 (Anx4), respectively, and Spot 33 was identified as glycine C-acetyltransferase, which belongs to the family of transferases and participates in glycine, serine, and threonine metabolism. The database search results showed that Spot 34 is eukaryotic translation elongation factor 1 gamma, an essential nucleotide-binding protein that catalyzes translocation. Spot 35 was identified as RNA-binding protein 4 (Rbp4), which is known to play a role in the RNA metabolic process. Finally, Spot 38 was identified as tyrosine recombinase, which participates in diverse cellular biopolymer metabolic processes.
DISCUSSION
Proteomics is an efficient method to identify new proteins as well as to investigate the ecological risk assessments. It may be The proteins of the samples were separated on a pH 3-10 liner IPG strip, followed by 12.5% SDS-polyacrylamide gel and silver staining. The circle and number allocated by the Image Master 2D Platinum software indicate spots with significant changes in intensity (p < 0.01, Student's t-test in three independent gels). Each experiment was conducted independently at least three times, and an image taken from one representative experiment is shown. 336 SHI ET AL. useful in providing insights into the molecular mechanisms underlying PFOS-induced responses in developing zebrafish embryos. Most interestingly, among the proteins that showed differential expression at 192 hpf after PFOS exposure, those involved in energy and cholesterol metabolism, detoxification, membrane integrity, and cytoskeleton maintenance were predominantly affected.
Peroxiredoxin 2 belongs to a family of small antioxidant proteins that catalyze the reduction of hydrogen peroxide and other reactive oxygen species (ROS). It is thought to be involved in eliciting cellular defenses against ROS (Chaudhary et al., 2007) . In the present study, a 3.11-fold increase in peroxiredoxin 2 (see Table 1 ) expression was observed. A previous study showed that the expression of p53 and Bax genes and oxidative stress was induced in zebrafish embryos exposed to 0.1-0.5 mg/l of PFOS (Shi et al., 2008) . Induction of the expression of the detoxification gene has also been reported in zebrafish exposed to perfluorododecanoic acid (Liu, Wang, et al., 2008) . PFOS Note. UMP-CMP, uridine monophosphate/cytidine monophosphate; No. on gel, spot number as noted on the 2D gels; accession no., the Mascot results of the MALDI-TOF-MS/MS search of the NCBI nr database; fold change, the average fold changes as compared to the controls; Mw, molecular weight; pI, isoelectric point; match rate, the percentage of the number of mass values matched to the number of mass values searched; sequence coverage, the percentage sequence coverage of the hit; score, Mascot probability based on the Mowse score calculated for the MS/MS results; functional description: the biological processes in Gene Ontology terms. The average fold changes as compared to the controls. Significance is reached at a score ! 40. A number > 1 indicates upregulation, and a number < 1 indicates downregulation.
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337 exposure in cultured tilapia and Atlantic salmon (Salmo salar) hepatocytes led to the generation of ROS and the induction of detoxifying phase II enzymes such as glutathione-S-transferase (Krøvel et al., 2008; Liu et al., 2007) . To the best of our knowledge, this is the first study indicating an association between PFOS and the upregulation of activated detoxification proteins. The upregulation of antioxidant proteins is in agreement with the observation that PFOS can induce oxidative stress. These results suggest that the elicitation of cellular responses to PFOS toxicity may result in the activation of the detoxification pathway, indicating the disruption of the normal cellular homeostasis and induction of proteins involved in protective response in order to reduce oxidative damage.
The expression of SULTs was significantly upregulated in the zebrafish larvae exposed to PFOS. SULTs represent the major phase II enzymes. They are involved in the biotransformation of endogenous chemicals such as steroid/ thyroid hormones and in the detoxification of environmental xenobiotics in animals (Gamage et al., 2006) . Zebrafish SULT enzymes were recently cloned and were found to be significantly expressed in 1-week-old larvae that displayed differential sulfating activities toward xenobiotics such as phenolic compounds and PCBs (Liu, Bhuiyan, et al., 2008) . This is the first report that shows the SULT protein is significantly upregulated in the PFOS-treated zebrafish larvae. To date, there has been no evidence that PFOS can be metabolized in vivo; therefore, it is unlikely that the upregulation of SULTs could be due to the formation of a metabolic product of PFOS. However, whether the increase in the level of SULTs contributes to the depression in the expression of the thyroid hormone or sex hormone remains to be elucidated. Nevertheless, the sensitivity induction of SULTs in response to xenobiotics may provide sufficient basis to investigate the importance of SULTs in chemical risk assessment.
Energy metabolism is considered to be essential for the early development of larvae. Our results show that PFOS exposure significantly suppresses the expression of many proteins involved in the tricarboxylic acid cycle and ATP biosynthesis, namely, CS, NDPKs, CK, and AK. NDPK is an indicator of biosynthesis and is a crucial in the early embryogenic development and growth (Murphy et al., 2000) . On the other hand, CK and AK play important roles in the regulation of cellular energy homeostasis and energy transfer, which is a vital process in tissues with high and rapidly changing energy demand, such as brain, heart, and liver and the early stages of fetal development (Dzeja et al., 1998) . Thus, suppression of CK and AK would result in cellular dysfunction and pathological changes in the cellular energy state. In a previous study, exposure of common carp (Cyprinus carpio) to waterborne PFOS led to the downregulation of the genes in the liver that were mainly involved in energy metabolism and oxidative phosphorylation (Hagenaars et al., 2008) . A more recent study indicated that PFOS exposure resulted in the disruption of mitochondrial bioenergetics and ATP loss in rat hepatocytes . Thus, the downregulation of energy metabolism observed in our study is in agreement with the previous reports on decreased ATP biosynthesis in vitro. This observation proves the hypothesis that PFOS can affect energy metabolism. The metabolic cost hypothesis predicts that nonvital processes such as growth and reproduction are generally more affected (Rowe et al., 2001) . This indicates that an increase in energy expenditure negatively affects the processes vital to the survival of organisms such as growth. Hence, PFOS exposure results in the reduction of stored energy that is required for the maintenance of growth and survival of organisms. In the present study, we observed that the average body length of the zebrafish larvae was significantly reduced after exposure to 0.5 mg/l PFOS; this observation is in agreement with our previous study indicating that PFOS exposure affects the growth of zebrafish larvae (Shi et al., 2008) . The reduction in the growth of PFOS-exposed zebrafish larvae may be associated with an impairment of the bioenergetic pathways that are induced in response to an increased energy demand under stress conditions.
OSBP1 is a member of the lipid-binding protein family. OSBP is known to play an important role in the regulation of intracellular sterol levels. When sterols accumulate in cells, oxysterols, which are a group of oxidized derivatives of sterols, act as potent secondary messengers that trigger the suppression of cholesterol synthesis. OSBP1 is the only protein known to recognize oxysterols, and its activity is known to be associated with the regulation of cholesterol metabolism (Levine and Munro, 2001 ). In our study, OSBP1 expression was found to be significantly downregulated, which suggests that cholesterol metabolism was possibly affected in PFOS-exposed zebrafish larvae. In the early stages of development, animals need enormous amounts of cholesterol to maintain membrane growth, which is an essential step in cellular proliferation, growth, and differentiation. Cholesterol is the precursor of steroid hormones and oxysterols and is known to play critical role in a variety of biological processes, including homeostasis, sexual development, and reproduction (Miller, 1988; Woollett, 2008) . Suppression of OSBP1 may affect cholesterol synthesis and, thereby, contribute to the decrease in the synthesis of steroid hormones. Therefore, it might be considered that PFOS affects the development and reproduction of animals by suppressing cholesterol levels, although this probability needs to be further investigated. In addition, cholesterol is a key component of every membrane, and it helps maintain normal membrane fluidity. Downregulation of OSBP1 protein would result in the suppression of cholesterol synthesis; thus, cell membrane fluidity might be affected, which has also been observed after PFOS exposure (Hu et al., 2003) . This is the first report showing the downregulation of annexins in zebrafish larvae exposed to PFOS. It has been suggested that annexin complexes may be involved in the modification of membrane structure, including fluidity and permeability, anchoring of cytoskeletal elements, aggregation 338 SHI ET AL.
of vesicles, and regulation of ion conductance (Gerke and Moss, 2002) . Annexin genes are known to be expressed in a wide range of tissues in zebrafish during the embryonic and larval stages. On the other hand, the temporal and spatial expression patterns of Anx4 in zebrafish suggest that it is involved in pronephric tubule development (Farber et al., 2003) . In the present study, we observed that Anx4 protein expression was downregulated. Given its amphiphillic nature and that it is structurally homologous to the free fatty acids of PFOS, it could primarily affect cell membrane integrity. It has been hypothesized that Anx4 is highly active at the lipid/ protein interfaces within the membranes and has been found to increase the permeability and fluidity of cell membranes in fish leukocytes and to affect mitochondrial membrane potential (Hu et al., 2003) . A recent study showed the dissipation of plasma membrane potential leading to the acidification of the cytosol in cultured cells exposed to PFCs . Therefore, the downregulation of Anx4 may be associated with PFOS-mediated dysregulation of the cell membrane function. The involvement of Anx4 in many membrane-related events, such as the regulation of ion fluxes across membranes and membrane permeability, need to be elucidated, and further research is warranted to demonstrate this association.
We also observed that PFOS exposure affected the expression of a few proteins such as crystallin, vertebrate MACF1, and Rbp4 that are known to be associated with structure formation, signal transduction, and RNA splicing. MACF1 is a cytoskeletal linker protein. It can connect both the microfilaments and microtubules that are vital for controlling microtubule dynamics and plays an important role in signal transduction, protein transportation, and embryonic development (Chen et al., 2006) . The function of MACF1 in zebrafish is yet unknown; however, since PFOS is known to affect cell membrane fluidity and communication, it can be considered that the cell skeleton integrity may also be affected. The cytoskeletal network integrity is important for maintaining cell morphology and cell locomotion. Since MACF1 is known to play a critical role in the intracellular transport as well as in embryo reorganization, the changes in the levels of MACF1 may affect the cellular functions associated with the cytoskeleton; further studies are required in this regard.
Our results show that a broad spectrum of proteins involved in zebrafish larvae development are affected by PFOS exposure. Besides the proteins that have been previously reported to be affected by PFOS exposure, other important proteins, including uridine monophosphate/cytidine monophosphate kinase (cytidylate kinase), phosphoglycerate mutase 1, eukaryotic translation elongation factor 1c, and c-crystallins, that are involved in cellular processes were found to be induced in response to PFOS. For instance, c-crystallins, which is typically found in vertebrates, are expressed in zebrafish lens (Xu et al., 2000) . Recently, injections of c-crystallins were found to strongly enhance the regeneration of axons in the retinal ganglion cells (Fischer et al., 2008) . The downregulation of c-crystallin protein in PFOS-exposed zebrafish larvae appears to affect lens development. These findings provide the prospects of identifying new toxic mechanisms.
In summary, the present study has demonstrated that PFOS exposure in zebrafish embryos/larvae causes significant changes in the abundance of 69 proteins, as observed on 2D gels. We successfully identified 18 proteins that are involved in energy metabolism, cholesterol disruption, oxidative stress, and membrane integrity and can be assigned to functional groups that are known to be affected by PFOS toxicity. However, the other proteins that showed differential expression and their functional roles yet remain to be identified and hence require further investigation. Alterations in protein expression in zebrafish larvae can provide new clues to the molecular mechanisms underlying PFOS toxicity in developing zebrafish. Our study also indicates that zebrafish embryo proteomics can be used as a good model for investigating environmental risk assessment. 
